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1. Introduction {#advs1756-sec-0010}
===============

Breast cancer is the most commonly diagnosed cancer worldwide and the leading cancer among women.^\[^ [^1^](#advs1756-bib-0001){ref-type="ref"} ^\]^ Triple‐negative breast cancer (TNBC), which is negative for expression of estrogen receptor (ER*α*), progesterone receptor (PR), and human epidermal growth factor receptor (HER2), is the most aggressive form and carries a higher risk of metastasis than any other breast cancer subtype.^\[^ [^2^](#advs1756-bib-0002){ref-type="ref"} ^\]^ Due to the lack of the above receptors, TNBC does not respond to hormonal or anti‐HER2 therapies, with treatment usually based on traditional chemotherapy, although poly (ADP‐ribose) polymerase (PARP) inhibitors and anti‐programmed death‐ligand 1 (PD‐L1) monoclonal antibodies (mAbs) have been approved for a subset of TNBC patients.^\[^ [^2^](#advs1756-bib-0002){ref-type="ref"} ^\]^ Breast cancer stem cells (BCSCs) are a small subpopulation of self‐renewing cancer cells responsible for drug resistance, cancer initiation, and cancer progression.^\[^ [^3^](#advs1756-bib-0003){ref-type="ref"}, [^4^](#advs1756-bib-0004){ref-type="ref"} ^\]^ Several breast cancer cell subpopulations, including cells with CD24^low^CD44^high^ expression ^\[^ [^4^](#advs1756-bib-0004){ref-type="ref"} ^\]^ and cells with high aldehyde dehydrogenase 1 (ALDH1) activity,^\[^ [^5^](#advs1756-bib-0005){ref-type="ref"} ^\]^ are considered as BCSCs because they initiate tumor growth. Although chemotherapy can kill tumor cells in TNBC, it fails to eliminate BCSCs, which may be the reason for recurrence and drug resistance.^\[^ [^6^](#advs1756-bib-0006){ref-type="ref"}, [^7^](#advs1756-bib-0007){ref-type="ref"} ^\]^

Epidermal growth factor receptor (EGFR), which belongs to the receptor tyrosine kinase family,^\[^ [^8^](#advs1756-bib-0008){ref-type="ref"} ^\]^ is important for drug resistance, cancer stem cells, and metastasis in different types of cancer.^\[^ [^9^](#advs1756-bib-0009){ref-type="ref"} ^\]^ EGFR expression in solid tumors, including breast cancer, is 20--50‐fold higher than that reported in normal tissues,^\[^ [^10^](#advs1756-bib-0010){ref-type="ref"} ^\]^ and high EGFR expression is found in 69% of TNBC.^\[^ [^11^](#advs1756-bib-0011){ref-type="ref"} ^\]^ Therefore, treatment targeting EGFR, including inhibitors of EGFR (e.g., tyrosine kinase inhibitors, TKIs) and mAbs have been taken efforts. Gefitinib, a small‐molecule kinase inhibitor that directly competes with adenosine triphosphate (ATP) to bind to EGFR, can inhibit EGFR autophosphorylation and downstream signaling.^\[^ [^12^](#advs1756-bib-0012){ref-type="ref"}, [^13^](#advs1756-bib-0013){ref-type="ref"} ^\]^ Although such inhibitors have been used with success in nonsmall cell lung cancer (NSCLC) treatment, clinical trials in breast cancer have shown poor results, even in combination with chemotherapy.^\[^ [^14^](#advs1756-bib-0014){ref-type="ref"}, [^15^](#advs1756-bib-0015){ref-type="ref"} ^\]^ It has been reported that NSCLC‐resistant cells enhance EGFR levels due to dysregulated degradation following loss of binding to its E3 ubiquitin ligase Cbl.^\[^ [^16^](#advs1756-bib-0016){ref-type="ref"} ^\]^ In addition, it has been hypothesized that mAb and TKI resistance are partly due to activation of alternative downstream pathways of EGFR.

SGCE is the *ε* isoform member of the sarcoglycan family and includes transmembrane components in a dystrophin--glycoprotein complex. This complex helps to stabilize muscle fiber membranes and links the muscle cytoskeleton to the extracellular matrix (ECM). Although other sarcoglycan family members are primarily expressed in muscle, SGCE is expressed broadly.^\[^ [^17^](#advs1756-bib-0017){ref-type="ref"}, [^18^](#advs1756-bib-0018){ref-type="ref"} ^\]^ Furthermore, mutations in SGCE are related to myoclonus‐dystonia syndrome (MDS) and inherited movement disorder.^\[^ [^19^](#advs1756-bib-0019){ref-type="ref"} ^\]^ Although correlation studies have shown that SGCE is involved in colorectal ^\[^ [^20^](#advs1756-bib-0020){ref-type="ref"} ^\]^ and gastric cancers,^\[^ [^20^](#advs1756-bib-0020){ref-type="ref"}, [^21^](#advs1756-bib-0021){ref-type="ref"} ^\]^ how it participates in cancer remains elusive. In the present study, we found SGCE to be highly expressed in BCSCs and closely related with BCSC self‐renewal, tumorigenesis, and chemoresistance as well as ECM deposition and remodeling. Moreover, SGCE was involved in anti‐EGFR resistance, which is implicated in targeted therapy for TNBC, thus providing new clues for deciphering the current failure of EGFR targeted therapies in clinical trials.

2. Results {#advs1756-sec-0020}
==========

2.1. SGCE is Highly Enriched in BCSCs {#advs1756-sec-0030}
-------------------------------------

BCSC populations are well recognized using markers of CD24^low^CD44^high^ and ALDH^+^. In the current study, we analyzed the expression profile in TNBC at single‐cell resolution based on published single‐cell RNA‐Seq data.^\[^ [^22^](#advs1756-bib-0022){ref-type="ref"} ^\]^ Our analysis showed that CD24^low^CD44^high^ cells were clustered into two populations (group 1 and group 2). Furthermore, cells with high expression of ALDH, which is predominantly composed of the ALDH1A3 isoform,^\[^ [^5^](#advs1756-bib-0005){ref-type="ref"} ^\]^ were also clustered together (group 3) (**Figure** [**1**A](#advs1756-fig-0001){ref-type="fig"} and Figure S1A--C, Supporting Information). As the overlapping population (CD24^low^CD44^high^ALDH^+^ cells) exhibits very high tumor initiating capacity,^\[^ [^23^](#advs1756-bib-0023){ref-type="ref"} ^\]^ we analyzed the upregulated genes in the above three groups and found 19 highly and commonly expressed genes (Figure [1B](#advs1756-fig-0001){ref-type="fig"}). Among these genes, we identified four membrane‐bound genes (Figure [1B](#advs1756-fig-0001){ref-type="fig"} and Figure S1D--G, Supporting Information), which are critical for signal transduction, cell function, and targeting.^\[^ [^24^](#advs1756-bib-0024){ref-type="ref"} ^\]^ ACVR2A, a bone morphogenetic protein (BMP) receptor, is reported to be a tumor suppressor,^\[^ [^25^](#advs1756-bib-0025){ref-type="ref"}, [^26^](#advs1756-bib-0026){ref-type="ref"} ^\]^ and PLXDC2, a novel mitogen for neural progenitors, is associated with paclitaxel resistance.^\[^ [^27^](#advs1756-bib-0027){ref-type="ref"}, [^28^](#advs1756-bib-0028){ref-type="ref"} ^\]^ Moreover, the expression of *SGCE* was positively correlated with the highly expressed genes identified in the CD24^low^CD44^high^ALDH^+^ populations based on breast cancer patient data obtained from the Cancer Genome Atlas (TCGA) database (Table S1, Supporting Information).^\[^ [^29^](#advs1756-bib-0029){ref-type="ref"}, [^30^](#advs1756-bib-0030){ref-type="ref"} ^\]^ We therefore selected the *SGCE* gene for further study.

![Loss of SGCE inhibits stemness of BCSCs. A) UMAP plot showing distribution of stemness‐related groups of TNBC epithelial cells (groups are separated by expression of CD24, CD44, and ALDH1A3). B) Venn diagram showing intersection of highly expressed genes between each stemness‐related group and nonstemness‐related group. C) GSEA showing enrichment of stem cell proliferation in SGCE differentially expressed genes based on TCGA. D) mRNA and E) protein expression levels of SGCE in BCSC populations. ALDH analysis upon SGCE knockdown in F) HCC1806 and G) MDA‐MB‐231 cells. H) Assay of CD24^low^CD44^high^ population upon SGCE knockdown in HCC1806 cells. Tumorsphere assay upon SGCE knockdown in I) HCC1806 and J) MDA‐MB‐231 cells. Clonal formation assay upon SGCE knockdown in K) HCC1806 and L) MDA‐MB‐231 cells. M) Xenograft assay using CD24^low^CD44^high^ fraction upon SGCE knockdown in HCC1806 cells.](ADVS-7-1903700-g001){#advs1756-fig-0001}

Based on the TCGA breast cancer dataset, gene set enrichment analysis (GSEA) revealed strong correlations between stem cell proliferation gene category and samples with high SGCE expression (Figure [1C](#advs1756-fig-0001){ref-type="fig"}). The breast cancer stem‐like subpopulation (i.e., CD24^low^CD44^high^) was isolated from breast cancer cells (HCC1806). We found that SGCE was highly expressed in the BCSC subpopulation (CD24^low^CD44^high^) compared with the non‐BCSC subpopulation (CD24^high^CD44^low^) at both the mRNA and protein level (Figure [1D,E](#advs1756-fig-0001){ref-type="fig"}). Moreover, TNBC patients with high SGCE levels showed poor prognosis in both relapse‐free survival and distal metastasis‐free survival analyses (Figure S2A,B, Supporting Information). We also found SGCE to be more highly expressed in TNBC than in other subtypes of breast cancer (Figure S2C, Supporting Information).

2.2. Knockdown of SGCE Reduces Stemness of BCSCs {#advs1756-sec-0040}
------------------------------------------------

To investigate whether SGCE is a functional gene in BCSCs, we examined cancer stemness properties using flow cytometry analysis of BCSC markers as well as suspension tumorsphere and clonal formation assays in breast cancer cells. Based on well‐recognized BCSC markers,^\[^ [^4^](#advs1756-bib-0004){ref-type="ref"}, [^5^](#advs1756-bib-0005){ref-type="ref"} ^\]^ the ratios of both the ALDH^+^ (Figure [1F,G](#advs1756-fig-0001){ref-type="fig"}) and CD24^low^CD44^high^ (Figure [1H](#advs1756-fig-0001){ref-type="fig"}) cell fractions clearly decreased upon SGCE knockdown in TNBC cells (HCC1806 and MDA‐MB‐231). As MDA‐MB‐231 cells are almost all positive for CD44 staining,^\[^ [^31^](#advs1756-bib-0031){ref-type="ref"} ^\]^ we checked CD24^low^CD44^high^ populations in HCC1937 cells, and found the same pattern (Figure S2D, Supporting Information). The knockdown efficiencies by short hairpin RNA (shRNA) in the above three cell lines are shown in Figure S2E in the Supporting Information. Overexpression of SGCE increased the ratios of both ALDH^+^ (Figure S3A,B, Supporting Information) and CD24^low^CD44^high^ (Figure S3C, Supporting Information) in TNBC cells. The overexpression efficiencies are shown in Figure S2F in the Supporting Information. Knockdown of SGCE also remarkably reduced the number of tumorsphere and the ability of clonal formation in both HCC1806 and MDA‐MB‐231 cells (Figure [1I--L](#advs1756-fig-0001){ref-type="fig"}). Overexpression of SGCE increased tumorsphere number and clonal formation ability in both TNBC cell lines (Figure S3D--G, Supporting Information). Transplantations of HCC1806 cells with limiting dilution revealed lower frequencies of tumor formation, even in a small number of cells upon SGCE knockdown (**Table** [**1**](#advs1756-tbl-0001){ref-type="table"}). Furthermore, limiting dilution assay using the CD24^low^CD44^high^ population showed that the tumor formation probability was severely reduced upon SGCE knockdown (Figure [1M](#advs1756-fig-0001){ref-type="fig"}, **Table** [**2**](#advs1756-tbl-0002){ref-type="table"}). The control group generated tumors with as few as 200 cells, whereas the SGCE‐knockdown group did not form any tumors. Taken together, our data suggest that SGCE is closely related with tumor initiation both in vitro and in vivo.

###### 

Statistical results of xenograft assay upon SGCE knockdown using whole HCC1806 cell line

  Cell number                  sh‐Control                       SGCE‐sh\#1                           SGCE‐sh\#2
  ----------------- -------------------------------- --------------------------------- --------------------------------------
  4 × 10^6^ cells                 8/8                               8/8                                 6/8
  4 × 10^5^ cells                10/10                              7/8                                 5/8
  4 × 10^4^ cells                 6/8                               5/8                                 1/8
  TIC frequency      1/288 541 (1/68 570--1/12 142)   1/10 8421 (1/255 433--1/46 021)   1/1 463 997 (1/3 201 790--1/669 403)
  *P* value                                                     *P* \< 0.05                         *P* \< 0.01

John Wiley & Sons, Ltd.

###### 

Statistical results of xenograft assay using CD24^low^CD44^high^ fraction upon SGCE knockdown

  Cell number            sh‐Control               SGCE‐sh\#1                 SGCE‐sh\#2
  --------------- ------------------------ ------------------------- ---------------------------
  5000 cells                6/8                       5/8                        3/8
  1000 cells                5/8                       2/8                        2/8
  200 cells                 4/8                       1/8                        0/8
  TIC frequency    1/1656 (1/3287--1/835)   1/4192 (1/8783--1/2001)   1/8062 (1/19 893--1/3268)
  *P* value                                       *P* \< 0.05                *P* \< 0.01

John Wiley & Sons, Ltd.

2.3. Loss of SGCE Increases Chemotherapy Sensitivity of TNBC through BCSCs {#advs1756-sec-0050}
--------------------------------------------------------------------------

As failure to eliminate cancer stem cells greatly contributes to drug resistance,^\[^ [^32^](#advs1756-bib-0032){ref-type="ref"}, [^33^](#advs1756-bib-0033){ref-type="ref"} ^\]^ we investigated whether SGCE played a role in chemotherapy sensitivity. Using survival data of patients exposed to chemotherapy, Kaplan--Meir plots showed that patients with lower SGCE expression levels were correlated with better prognosis (**Figure** [**2**A](#advs1756-fig-0002){ref-type="fig"}). In our sensitivity assay using TNBC cells, SGCE‐knockdown cells showed a much lower cell viability dosage (50% inhibitory concentration, IC50) to chemotherapy (doxorubicin in Figure [2B](#advs1756-fig-0002){ref-type="fig"} and cisplatin in Figure S3H,I, Supporting Information). To confirm that the observed effects were due to BCSCs, we investigated stem‐like activities following treatment with doxorubicin, cisplatin, and paclitaxel using an in vitro sphere‐culture system and clonal formation assay. Drug treatments significantly increased the numbers of colonies and spheres (first rows in Figure [2C--F](#advs1756-fig-0002){ref-type="fig"}, light blue columns in Figure [2D,G](#advs1756-fig-0002){ref-type="fig"} Figure S3J,K, Supporting Information), suggesting enrichment of BCSCs after chemotherapy, consistent with previous reports.^\[^ [^34^](#advs1756-bib-0034){ref-type="ref"}, [^35^](#advs1756-bib-0035){ref-type="ref"} ^\]^ This enrichment was significantly reduced following SGCE knockdown (Figure [2C,D,F,G](#advs1756-fig-0002){ref-type="fig"} and Figure S3J,K, Supporting Information). Flow cytometry analysis also indicated that enrichment of the ALDH^+^ and CD24^low^CD44^high^ populations was abrogated after SGCE interruption with drug treatment (Figure [2I](#advs1756-fig-0002){ref-type="fig"} and Figure S3L,M, Supporting Information). The combined effects of shRNA and drug treatment showed significant differences compared to drug treatment only in the above assays (Figure [2E,H,J](#advs1756-fig-0002){ref-type="fig"}, and Figure S3N--Q, Supporting Information), suggesting reduced resistance to drugs upon SGCE knockdown. We next treated the xenograft tumors with doxorubicin. While SGCE silencing alone did not lead to a significant decrease in tumor volume, under treatment, SGCE depletion significantly reduced tumor growth (Figure [2K](#advs1756-fig-0002){ref-type="fig"}), suggesting an obvious improvement in the therapeutic effects of doxorubicin when SGCE expression levels are low. Among the tumors, the BCSC fractions of CD24^low^CD44^high^ significantly decreased following SGCE knockdown (Figure [2L](#advs1756-fig-0002){ref-type="fig"}). Thus, the above data indicate that SGCE loss increases chemotherapy sensitivity of TNBC through BCSCs.

![Loss of SGCE increases chemotherapy sensitivity of breast cancer through BCSCs. A) Kaplan--Meier survival analysis showing correlation between relapse‐free survival (RFS) and SGCE expression in breast cancer patients exposed to chemotherapy. B) Cell viability after treatment with different concentrations of doxorubicin in HCC1806 and MDA‐MB‐231 cells (*n* = 6). C) Tumorsphere and F) clonal formation assays, and their number and percentage calculations D,E) for (C), G,H) for (F) following treatment with doxorubicin, paclitaxel, and cisplatin in SGCE‐depleted MDA‐MB‐231 cells. FACS analysis of I) CD24^low^CD44^high^ population and J) percentage calculations following treatment with doxorubicin, paclitaxel, and cisplatin in SGCE‐depleted MDA‐MB‐231 cells. K) Tumor growth curve following SGCE knockdown in HCC1806 cells with or without doxorubicin. L) FACS analysis of CD24^low^CD44^high^ population in SGCE‐knockdown xenograft assay with doxorubicin. (\*) *P* \< 0.05; (\*\*) *P* \< 0.01. Dox: doxorubicin; Ptx: paclitaxel; Cis: cisplatin.](ADVS-7-1903700-g002){#advs1756-fig-0002}

2.4. SGCE Promotes ECM Deposition through Cancer‐Associated Fibroblasts (CAFs) {#advs1756-sec-0060}
------------------------------------------------------------------------------

Previous studies have reported that ECM, including collagens, fibronectin (FN), laminins, proteoglycans, and matricellular proteins, is involved in stemness maintenance in BCSCs.^\[^ [^36^](#advs1756-bib-0036){ref-type="ref"} ^\]^ Therefore, we investigated the correlation between SGCE and ECM. Using the TCGA database, we carried out GSEA based on SGCE expression. Results revealed that ECM‐receptor interaction was among the top KEGG pathways (Figure S4D, Supporting Information) and was positively related to SGCE expression levels in breast cancer (**Figure** [**3**A](#advs1756-fig-0003){ref-type="fig"}). In the co‐expression network based on expression levels, SGCE was in the top hub position in TNBC (Figure S4A, Supporting Information), suggesting a crucial role of SGCE within ECM components. To further confirm the involvement of SGCE in regulating ECM, SGCE‐knockdown cells were used for RNA‐sequencing. The GSEA results revealed that ECM‐receptor interaction enrichment was reduced upon SGCE knockdown in HCC1806 cells (Figure [3B](#advs1756-fig-0003){ref-type="fig"}). The top GO terms for the differentially expressed genes (DEGs) after SGCE knockdown were related to ECM‐receptor interaction and cell adhesion (Figure S4B,C, Supporting Information), further suggesting the involvement of SGCE in ECM‐receptor interaction.

![SGCE promotes ECM deposition. GSEA showing enrichment of ECM‐receptor interaction in SGCE differentially expressed genes based on A) TCGA and B) RNA‐Seq data. C) Masson (up) and immunohistochemical staining (bottom) of FN and CD44 in xenograft tumors. D) mRNA levels of ECM‐related genes in SGCE‐knockdown xenograft tumors. E,F) Matrix adhesion assay in SGCE‐depleted cell lines. G) mRNA levels of ECM‐related genes in CAFs co‐cultured with SGCE‐knockdown HCC1806 cells. H,I) Collagen remodeling and migration abilities of TNBC CAFs co‐cultured with HCC1806 cells upon SGCE knockdown. J) mRNA levels of CAF markers in xenograft tumors. K) mRNA levels of CAF‐related genes in TNBC CAFs treated with conditional medium from SGCE‐depleted HCC1806 cells. (\*) *P* \< 0.05; (\*\*) *P* \< 0.01.](ADVS-7-1903700-g003){#advs1756-fig-0003}

Masson trichrome staining for collagen detection was applied to determine the expression levels of ECM components. Results indicated that collagen was remarkably reduced (Figure [3C](#advs1756-fig-0003){ref-type="fig"}) upon SGCE knockdown in the xenografted tumor tissues developed in Table [1](#advs1756-tbl-0001){ref-type="table"}, and the other ECM components, including fibronectin 1, and representative receptors, including CD44, were also decreased upon SGCE knockdown (Figure [3C](#advs1756-fig-0003){ref-type="fig"}). The reduction of ECM and receptor genes was confirmed by quantitative real‐time polymerase chain reaction (q‐RT‐PCR) (Figure [3D](#advs1756-fig-0003){ref-type="fig"}). Under collagen coating, matrix adhesion to collagen in the HCC1806 and HCC1937 cells was significantly reduced upon SGCE knockdown (Figure [3E,F](#advs1756-fig-0003){ref-type="fig"}), implying the loss of interaction between ECM and its receptors.

As CAF cells can deposit ECM components and facilitate cancer development,^\[^ [^37^](#advs1756-bib-0037){ref-type="ref"} ^\]^ we next investigated whether CAF cells were regulated by SGCE. When CAF cells derived from patient breast tumors were co‐cultured with conditional medium of SGCE‐knockdown HCC1806 cells, CAF exhibited lower ECM expression (Figure [3G](#advs1756-fig-0003){ref-type="fig"}) and stiffness (Figure [3H](#advs1756-fig-0003){ref-type="fig"}, upper, and [3I](#advs1756-fig-0003){ref-type="fig"}, left). To observe the recruitment ability of cancer cells for CAFs in vivo, we detected CAF markers in SGCE knocked‐down tumors. Results showed a remarkable reduction in the expression levels of CAF markers, including ACTA2, S100A4, and S100A2 (Figure [3J](#advs1756-fig-0003){ref-type="fig"}). Our data clearly demonstrated a reduction in the migration ability of CAFs (Figure [3H](#advs1756-fig-0003){ref-type="fig"}, lower, and Figure 3I, right), with the expression of markers of activated fibroblasts also decreased (Figure [3K](#advs1756-fig-0003){ref-type="fig"}), suggesting that without SGCE, migration and transformation abilities were severely downregulated.

2.5. SGCE Regulates BCSCs and ECM through EGFR {#advs1756-sec-0070}
----------------------------------------------

To explore how SGCE maintains stemness of BCSCs, we determined the expression correlations among SGCE and other proteins involved in stemness. In our collected patient samples, EGFR levels were positively correlated with SGCE levels (**Figure** [**4**A](#advs1756-fig-0004){ref-type="fig"}). EGFR is considered crucial in promoting the stemness of BCSCs ^\[^ [^38^](#advs1756-bib-0038){ref-type="ref"} ^\]^ and in the accumulation of ECM.^\[^ [^11^](#advs1756-bib-0011){ref-type="ref"} ^\]^ We therefore checked whether the expression levels of EGFR were affected by lower expression of SGCE. In TNBC cells (HCC1806 and MDA‐MB‐231), EGFR protein levels were downregulated with loss of SGCE (Figure [4B](#advs1756-fig-0004){ref-type="fig"} and Figure S5A, Supporting Information). The PI3K‐AKT signaling pathway, which is downstream of EGFR, was also downregulated in SGCE‐knockdown HCC1806 cells based on KEGG analysis of RNA‐Seq data (Figure [4C](#advs1756-fig-0004){ref-type="fig"}). In accordance with the expression levels, the downstream signal of EGFR, i.e., p‐AKT, was de‐activated upon SGCE knockdown (Figure [4B](#advs1756-fig-0004){ref-type="fig"} and Figure S5A, Supporting Information). We also examined the PI3K‐AKT downstream molecule, Bim.^\[^ [^39^](#advs1756-bib-0039){ref-type="ref"} ^\]^ Results showed that Bim was upregulated upon SGCE knockdown, suggesting the involvement of PI3K‐AKT signaling in SGCE effects. We performed a series of assays to further confirm whether the effects of SGCE were mediated by EGFR signaling. Results showed that the BCSC phenotypes (including CD24^low^CD44^high^ and ALDH^+^) as well as tumorsphere number and clonal formation were partially restored when EGFR was overexpressed upon SGCE knockdown (Figure [4D--G](#advs1756-fig-0004){ref-type="fig"} and Figure S5B--D, Supporting Information). To explore whether EGFR could influence ECM, we carried out EGFR interference and found that ECM‐related genes were significantly downregulated in both HCC1806 and MDA‐MB‐231 cells (Figure [4H](#advs1756-fig-0004){ref-type="fig"} and Figure S5E, Supporting Information). In addition, we found that the reduction in ECM genes following SGCE knockdown could be partially rescued by EGFR overexpression in both HCC1806 and MDA‐MB‐231 cells (Figure [4I,J](#advs1756-fig-0004){ref-type="fig"} and Figure S5F, Supporting Information). Thus, the above data suggest that SGCE regulates BCSCs and ECM through EGFR.

![SGCE regulates BCSCs and ECM through EGFR. A) Correlation analysis of SGCE and EGFR in breast cancer patients by immunoblotting analysis. B) Western blot of EGFR and related genes in SGCE‐knockdown HCC1806 cells. C) KEGG enrichment analysis of PI3K‐AKT signaling pathway in SGCE‐knockdown HCC1806 cells. Ratio of D) CD24^low^CD44^high^ and E) ALDH^+^ populations in SGCE‐knockdown HCC1806 cells with EGFR overexpression. F) Number of tumorspheres and G) colony number in SGCE‐knockdown HCC1806 cells with EGFR overexpression. H) mRNA levels of ECM‐related genes in EGFR knockdown cells. I) Protein and J) mRNA levels in ECM‐related genes in SGCE‐depleted‐EGFR overexpressed HCC1806 cells. (\*) *P* \< 0.05; (\*\*) *P* \< 0.01; (\*\*\*) *P* \< 0.001.](ADVS-7-1903700-g004){#advs1756-fig-0004}

2.6. SGCE Knockdown Results in EGFR Degradation through Lysosomes {#advs1756-sec-0080}
-----------------------------------------------------------------

To investigate the dynamic changes in EGFR, we treated cells with EGF. Results showed that EGFR was highly expressed up to 30 min, which was due to the stimulation effects by EGF, consistent with previous reports.^\[^ [^40^](#advs1756-bib-0040){ref-type="ref"} ^\]^ In contrast, EGFR rapidly decreased at the same time points after EGF exposure in SGCE‐knockdown cells (**Figure** [**5**A,B](#advs1756-fig-0005){ref-type="fig"}), suggesting that SGCE loss can lead to degradation of EGFR. As receptor internalization is a necessary step for EGFR degradation,^\[^ [^41^](#advs1756-bib-0041){ref-type="ref"} ^\]^ we determined the internalized EGFR levels upon SGCE knockdown. Results demonstrated that EGFR internalization was significantly promoted at both time points observed (Figure [5C](#advs1756-fig-0005){ref-type="fig"}). To further confirm the above phenomenon, we investigated how SGCE affected signaling of EGFR internalization. EGFR internalization can occur via multiple ways, such as macropinocytosis and micropinocytosis, including clathrin‐mediated endocytosis (CME) and nonclathrin endocytosis (NCE).^\[^ [^42^](#advs1756-bib-0042){ref-type="ref"} ^\]^ We investigated EGFR levels by blocking CME and macropinocytosis by their specific inhibitors, Pitstop and EIPA, respectively.^\[^ [^43^](#advs1756-bib-0043){ref-type="ref"}, [^44^](#advs1756-bib-0044){ref-type="ref"} ^\]^ Upon treatment, Pitstop and EIPA partially recovered the reduction in EGFR protein caused by SGCE knockdown in both HCC1806 and MDA‐MB‐231 cells (Figure [5D](#advs1756-fig-0005){ref-type="fig"} and Figure S6A, Supporting Information). These data suggest that SGCE depletion promotes EGFR internalization and degradation through both the CME and macropinocytosis pathways.

![SGCE regulates EGFR lysosomal degradation. A) SGCE‐knockdown HCC1806 cells were incubated in serum‐deprived medium overnight and stimulated with 50 ng mL^−1^ human EGF for indicated time points, followed by whole‐cell lysate extraction for immunoblotting analysis with indicated antibodies. B) Quantifications of relative expression of EGFR in (A). C) Fold change of EGFR internalization at different time points upon SGCE knockdown. D) Immunoblotting analysis of EGFR in SGCE‐knockdown HCC1806 cells with internalization inhibitors. E) Immunoblotting analysis of EGFR in SGCE‐knockdown HCC1806 cells along with NH~4~Cl treatment. F) Detection of membrane‐bound EGFR using FACS in SGCE‐knockdown HCC1806 cells with NH~4~Cl treatment. G) Co‐localization of EGFR and LAMP1 in HCC1806 cells. H) For EGFR recycling assay, amount recycled 5 and 15 min after initial EGF stimulation was quantified and EGFR recycling ratio was calculated \[MFI (*T*) -- MFI (*T*pulse)/MFI (T0) -- MFI (*T*pulse)\] × 100. (\*) *P* \< 0.05; (\*\*) *P* \< 0.01; (\*\*\*) *P* \< 0.001.](ADVS-7-1903700-g005){#advs1756-fig-0005}

To investigate how SGCE loss resulted in EGFR degradation, we treated cells with NH~4~Cl to inhibit lysosomal activity. Results showed that NH~4~Cl treatment recovered EGFR protein levels (Figure [5E](#advs1756-fig-0005){ref-type="fig"} and Figure S6B, Supporting Information) upon SGCE knockdown. In the fluorescence activated cell sorting (FACS) assay using EGFR‐conjugated antibody, we also found that EGFR levels were significantly rescued by NH~4~Cl treatment upon SGCE knockdown (Figure [5F](#advs1756-fig-0005){ref-type="fig"} and Figure S6C, Supporting Information). To confirm whether EGFR was degraded in lysosomes, we observed the co‐localization of EGFR and lysosome marker (LAMP1). Results showed that EGFR and LAMP1 exhibited preferential enrichment of EGFR in the lysosomal compartment of SGCE‐knockdown cells (Figure [5G](#advs1756-fig-0005){ref-type="fig"} and Figure S6D, Supporting Information). Moreover, considering that EGFR can also be degraded by proteasomes, we treated cells with proteasome inhibitor (MG132) and found that EGFR could not be rescued (Figure S6E,F, Supporting Information), thus suggesting that SGCE does not influence EGFR degradation through proteasomal activity. After its internalization, EGFR faces two fates:, i.e., degradation by lysosomes or recycling to the cell membrane.^\[^ [^45^](#advs1756-bib-0045){ref-type="ref"} ^\]^ Our results showed a markedly reduced recycling rate (Figure [5H](#advs1756-fig-0005){ref-type="fig"}), suggesting that SGCE knockdown led to greater EGFR lysosomal degradation and reduced EGFR recycling to the membrane.

2.7. SGCE Knockdown Promotes Interaction between EGFR and c‐Cbl {#advs1756-sec-0090}
---------------------------------------------------------------

As ubiquitination is necessary for EGFR degradation, we attempted to establish the regulatory correlation between SGCE and EGFR ubiquitination. Overexpression of SGCE inhibited total EGFR ubiquitination and K63‐linked ubiquitination, which directed to lysosomal degradation, but not K48‐linked ubiquitination, thus resulting in proteasomal degradation (**Figure** [**6**A](#advs1756-fig-0006){ref-type="fig"}). This further confirmed that EGFR degradation caused by SGCE knockdown was mediated through lysosomal degradation. As SGCE did not interact directly with EGFR (Figure S6G, Supporting Information), we speculated that SGCE affected EGFR ubiquitination via other molecules. The E3 RING ligase Cbl, which contains c‐Cbl, Cbl‐b, and Cbl‐c, can directly bind to EGFR.^\[^ [^46^](#advs1756-bib-0046){ref-type="ref"} ^\]^ Furthermore, GRB2, as an adaptor protein ^\[^ [^47^](#advs1756-bib-0047){ref-type="ref"}, [^48^](#advs1756-bib-0048){ref-type="ref"} ^\]^ between Cbl and EGFR, can cause EGFR ubiquitination and lysosomal degradation.^\[^ [^49^](#advs1756-bib-0049){ref-type="ref"}, [^50^](#advs1756-bib-0050){ref-type="ref"}, [^51^](#advs1756-bib-0051){ref-type="ref"} ^\]^ Thus, we investigated whether SGCE loss changed the interaction between EGFR and the Cbl family or GRB2. Results demonstrated obviously enhanced EGFR binding to c‐Cbl, but not to Cbl‐b or Cbl‐c upon SGCE knockdown, whereas the binding was undetected or very weak at normal SGCE expression levels (Figure [6B](#advs1756-fig-0006){ref-type="fig"}). We did not observe enhanced interaction between EGFR and GRB2 (Figure S6H, Supporting Information). To confirm the role of c‐Cbl in mediating EGFR degradation by SGCE, we investigated whether c‐Cbl could rescue its downregulation. Results showed that degradation of EGFR was abolished when c‐Cbl was knocked down along with SGCE depletion (Figure [6C](#advs1756-fig-0006){ref-type="fig"}). To demonstrate the interaction between SGCE and c‐Cbl, a co‐immunoprecipitation pull‐down (co‐IP) assay was carried out, which showed a clear interaction between SGCE and c‐Cbl at the endogenous level (Figure [6D](#advs1756-fig-0006){ref-type="fig"}).

![SGCE regulates EGFR degradation by enhancing interaction of EGFR and Cbl. A) Ubiquitination of Flag‐EGFR when co‐transfected with HA‐Ub and SGCE expression plasmids in 293T cells. B) Co‐immunoprecipitation of EGFR and c‐Cbl, Cbl‐b, and Cbl‐c with NH~4~Cl treatment in SGCE‐depleted HCC1806 and MDA‐MB‐231 cells. C) Immunoblotting analysis of EGFR along with c‐Cbl interference in SGCE‐depleted HCC1806 and MDA‐MB‐231 cells. sh‐luc is scramble control for sh‐c‐Cbl. D) Co‐immunoprecipitation of SGCE and c‐Cbl in HCC1806 and MDA‐MB‐231 cells in vivo. (\*) *P* \< 0.05; (\*\*) *P* \< 0.01; (\*\*\*) *P* \< 0.001.](ADVS-7-1903700-g006){#advs1756-fig-0006}

2.8. SGCE Promotes Metastasis of Breast Cancer Cells and Drug Resistance‐Targeted EGFR {#advs1756-sec-0100}
--------------------------------------------------------------------------------------

Upregulation of the AKT, c‐Met, and NF‐κB pathways can contribute to cell survival and resistance to TKIs.^\[^ [^52^](#advs1756-bib-0052){ref-type="ref"}, [^53^](#advs1756-bib-0053){ref-type="ref"}, [^54^](#advs1756-bib-0054){ref-type="ref"} ^\]^ In our study, GSEA revealed that the PI3K‐AKT and NK‐kB pathways were downregulated in HCC1806 cells following SGCE knockdown (Figure [4C](#advs1756-fig-0004){ref-type="fig"} and Figure S7A, Supporting Information). SGCE deletion attenuated AKT, Ikk*α*, and IkB*α* phosphorylation as well as c‐Met expression (Figure [4B](#advs1756-fig-0004){ref-type="fig"} and Figures S5A, S7B--E, Supporting Information). The above results suggest that SGCE may be involved in EGFR TKI resistance. Gefitinib, a small‐molecule EGFR kinase inhibitor successfully used in nonsmall lung cancer treatment, is not beneficial for breast cancer patients.^\[^ [^55^](#advs1756-bib-0055){ref-type="ref"} ^\]^ We generated gefitinib‐resistant cells (Figure S7F,G, Supporting Information) and found that SGCE was highly upregulated in the gefitinib‐resistant HCC1806 and MDA‐MB‐231 cell lines compared to the parental cell lines (**Figure** [**7**A](#advs1756-fig-0007){ref-type="fig"}). Therefore, we examined whether SGCE knockdown could influence the effects of gefitinib. As shown, sensitivity to gefitinib increased in SGCE‐depleted cells, which substantially reduced the maximum IC50 required in gefitinib‐resistant HCC1806 and MDA‐MB‐231 cell lines (Figure [7B,C](#advs1756-fig-0007){ref-type="fig"}). Moreover, using the same approach, we tested another EGFR inhibitor, lapatinib, in resistant cells (Figure S7H,I, Supporting Information), with results demonstrating lower IC50 upon SGCE knockdown (Figure S7J,K, Supporting Information).

![SGCE promotes metastasis of breast cancer cells and drug resistance‐targeted EGFR. A) Immunoblotting analysis of SGCE in gefitinib‐resistant and parental cell lines. Drug sensitivity experiment following SGCE knockdown in B) gefitinib‐resistant HCC1806 and C) MDA‐MB‐231 cell lines. D,E) Migration and invasion abilities of HCC1806 and MDA‐MB‐231 cells following SGCE knockdown and statistical results. F) Luciferase signal intensities in mice after tail‐vein injection with MDA‐MB231 cells expressing indicated constructs and HE‐staining of lungs. G) Working model: In ALDH^+^CD24^low^CD44^high^ BCSCs, SGCE is highly expressed to maintain stemness, metastasis, chemotherapy, and EGFRi resistance. When SGCE is knocked down, the interaction between SGCE and c‐Cbl is disturbed, and c‐Cbl is free to bind to EGFR, leading to EGFR lysosomal degradation and downregulation of AKT pathway as well as ECM deposition and remodeling. These effects make breast cancer cells sensitive to chemotherapy and EGFRi. (\*) *P* \< 0.05; (\*\*) *P* \< 0.01.](ADVS-7-1903700-g007){#advs1756-fig-0007}

As tumor metastasis is the readout of cancer stem cells, we examined metastasis following SGCE knockdown. In both TNBC cell lines, SGCE knockdown significantly attenuated cell migration and invasion abilities (Figure [7D,E](#advs1756-fig-0007){ref-type="fig"}). To confirm metastasis ability, we injected MDA‐MB‐231 expressing sh‐SGCE together with the luciferase gene into the tail vein of mice. Compared with the control group, the mice that received a tail‐vein injection of SGCE‐knockdown cells developed fewer lung metastases (Figure [7F](#advs1756-fig-0007){ref-type="fig"}). These data preliminarily suggest that knockdown of SGCE inhibits metastasis of TNBC.

3. Discussion {#advs1756-sec-0110}
=============

The expression of EGFR is 20--50‐fold higher in solid tumors, including breast cancer, compared to that found in normal tissues.^\[^ [^10^](#advs1756-bib-0010){ref-type="ref"} ^\]^ Moreover, EGFR is overexpressed in more than 50% of TNBC patients, which is markedly higher than that for other subtypes of breast cancer ^\[^ [^56^](#advs1756-bib-0056){ref-type="ref"} ^\]^ and is significantly correlated with poor prognosis.^\[^ [^57^](#advs1756-bib-0057){ref-type="ref"} ^\]^ Therefore, drug treatments targeting EGFR, including inhibitors of EGFR (TKIs) and mAbs, have been developed over the last two decades. However, clinical trials targeting EGFR have shown poor benefits for breast cancer patients.^\[^ [^55^](#advs1756-bib-0055){ref-type="ref"} ^\]^ This could be partially due to deregulated EGFR degradation and reduced ubiquitination as well as enhanced EGFR recycling in EGFR‐TKI resistant cells.^\[^ [^58^](#advs1756-bib-0058){ref-type="ref"} ^\]^ In our results, SGCE loss increased EGFR ubiquitination and lysosomal degradation and reduced EGFR recycling, implying that SGCE may play an important role in EGFR‐TKI resistance. It has been reported that cetuximab‐resistant cells have increased EGFR levels due to reduced degradation from loss of binding to Cbl.^\[^ [^16^](#advs1756-bib-0016){ref-type="ref"} ^\]^ Our study revealed that SGCE interacted with c‐Cbl, and SGCE knockdown promoted EGFR degradation by increasing the interaction between EGFR and c‐Cbl (Figure [7G](#advs1756-fig-0007){ref-type="fig"}). Furthermore, SGCE knockdown promoted drug sensitivity in gefitinib‐ and lapatinib‐ resistant TNBC cell lines (Figure [7](#advs1756-fig-0007){ref-type="fig"} and Figure S7, Supporting Information), which may be related to the high expression of SGCE in such cells (Figure [7A](#advs1756-fig-0007){ref-type="fig"}). The upregulation of the AKT, c‐Met, and NF‐*κ*B pathways is known to contribute to cell survival and resistance to TKIs.^\[^ [^45^](#advs1756-bib-0045){ref-type="ref"}, [^46^](#advs1756-bib-0046){ref-type="ref"}, [^47^](#advs1756-bib-0047){ref-type="ref"} ^\]^ This agrees with our findings, which demonstrated that SGCE knockdown downregulated the PI3K/AKT, c‐Met, and NF‐*κ*B pathways. Thus, these results suggest that SGCE knockdown may increase drug sensitivity for EGFR in TNBC, which is important for clinical trials.

To investigate how SGCE regulates stemness of BCSCs, we explored the related mechanism by screening various signaling pathways using luciferase reporter constructs, including WNT, TGF*β*, RhoA, and oxidative stress. Most showed inconsistent regulatory effects by SGCE (Figure S8A, Supporting Information, data not shown), and only EGFR found to be consistently downregulated by SGCE knockdown. The rescue assays in Figure [4](#advs1756-fig-0004){ref-type="fig"} showed that the effects of SGCE knockdown could be recovered by EGFR overexpression. Thus, we focused on EGFR as a downstream target of SGCE. Of note, the rescue assays did not completely recover stemness activities, implying other downstream mediators may be involved in the SGCE effects.

EGFR is well recognized for its regulatory roles in cancer cell proliferation and survival. On the other hand, the EGFR pathway is known to mediate BCSCs.^\[^ [^59^](#advs1756-bib-0059){ref-type="ref"}, [^60^](#advs1756-bib-0060){ref-type="ref"} ^\]^ In clinical samples and patient‐derived xenografted models (PDXs), EGFR is highly correlated with stemness of breast cancer.^\[^ [^61^](#advs1756-bib-0061){ref-type="ref"}, [^62^](#advs1756-bib-0062){ref-type="ref"} ^\]^ Furthermore, EGFR inhibitors are reported to be responsible for elimination of BCSCs.^\[^ [^3^](#advs1756-bib-0003){ref-type="ref"} ^\]^ For downstream signaling, EGFR modulates BCSCs through both the PI3K‐AKT and MEK/ERK pathways in TNBC.^\[^ [^63^](#advs1756-bib-0063){ref-type="ref"}, [^64^](#advs1756-bib-0064){ref-type="ref"} ^\]^ Besides PI3K‐AKT signaling (Figure [4](#advs1756-fig-0004){ref-type="fig"}), our data indicated that ERK phosphorylation decreased upon SGCE knockdown (Figure S8B, Supporting Information), further supporting the above reports. For downstream stemness‐related genes, we examined several well‐known genes, including Oct4, Nanog, and Sox2, which showed mild or inconsistent downregulation in the HCC1806 and MDA‐MB‐231 cell lines (Figure S8C, Supporting Information). Actually, many reports have demonstrated that BCSCs can be regulated independently of the above genes.^\[^ [^65^](#advs1756-bib-0065){ref-type="ref"}, [^66^](#advs1756-bib-0066){ref-type="ref"}, [^67^](#advs1756-bib-0067){ref-type="ref"}, [^68^](#advs1756-bib-0068){ref-type="ref"} ^\]^

As an important component of the tumor microenvironment, ECM is a highly dynamic and complex network of surrounding cells. Interactions between ECM and tumor cells can impact cellular signaling pathways and are responsible for the effects of cancer therapy.^\[^ [^69^](#advs1756-bib-0069){ref-type="ref"}, [^70^](#advs1756-bib-0070){ref-type="ref"} ^\]^ Based on bioinformatics analysis and experiments, we showed that SGCE regulated ECM deposition and remodeling through EGFR (Figure [3](#advs1756-fig-0003){ref-type="fig"}). Considering that ECM is closely related to cancer stem cell self‐renewal, tumor formation, and drug resistance,^\[^ [^70^](#advs1756-bib-0070){ref-type="ref"}, [^71^](#advs1756-bib-0071){ref-type="ref"}, [^72^](#advs1756-bib-0072){ref-type="ref"} ^\]^ we speculate that the role of SGCE in regulating BCSCs and drug resistance may be through ECM. However, how SGCE influences ECM through EGFR needs further investigation. Our in vitro data on the maintenance of BCSC stemness (Figure [1](#advs1756-fig-0001){ref-type="fig"}) indicated that SGCE regulates ECM through paracrine, implying that SGCE regulates ECM independent of tumor niches, whereas the co‐culture assays showed that CAFs are involved in the promotion of BCSC stemness. As EGFR can regulate cancer stem cells through both intracellular signaling ^\[^ [^5^](#advs1756-bib-0005){ref-type="ref"} ^\]^ and extracellular niches,^\[^ [^59^](#advs1756-bib-0059){ref-type="ref"}, [^73^](#advs1756-bib-0073){ref-type="ref"} ^\]^ SGCE may exert its roles in multiple ways.

The first step of EGFR signaling regulation is its internalization. Both CME and several NCE pathways are involved in EGFR internalization.^\[^ [^74^](#advs1756-bib-0074){ref-type="ref"} ^\]^ The ubiquitination of EGFR is necessary for all internalization pathways, and the ubiquitin ligase responsible for EGFR ubiquitination is Cbl, a ring‐finger domain E3 ubiquitin ligase.^\[^ [^50^](#advs1756-bib-0050){ref-type="ref"} ^\]^ Cbl can directly bind to EGFR, or indirectly bind to EGFR via the adaptor protein Grb2.^\[^ [^48^](#advs1756-bib-0048){ref-type="ref"}, [^74^](#advs1756-bib-0074){ref-type="ref"} ^\]^ The EGFR‐Grb2‐Cbl complex is necessary for NCE, with previous studies showing that EGFR mutants lacking Grb2 binding sites are completely defective for NCE.^\[^ [^75^](#advs1756-bib-0075){ref-type="ref"}, [^76^](#advs1756-bib-0076){ref-type="ref"} ^\]^ Our results indicated that SGCE knockdown caused induction of EGFR internalization, and increased the interaction between EGFR and c‐Cbl but not that between EGFR and Grb2. Thus, we concluded that SGCE depletion did not regulate EGFR internalization through the NCE pathway. Moreover, the clathrin inhibitor (Pitstop) partially rescued EGFR protein level upon SGCE knockdown, suggesting that SGCE regulates EGFR internalization through the CME pathway.

Earlier research demonstrated that EGFR predominantly enters the recycling pathway through CME under stimulation of EGF at any concentration, but degrades via NCE,^\[^ [^77^](#advs1756-bib-0077){ref-type="ref"} ^\]^ indicating that different internalization pathways lead to distinct EGFR fates (i.e., degradation versus recycling). However, upon SGCE knockdown, EGFR predominantly showed a degradation fate through CME (Figure [5](#advs1756-fig-0005){ref-type="fig"}), seemingly inconsistent with the above report. Actually, the levels of ubiquitination for EGFR are the critical threshold for EGFR fate.^\[^ [^75^](#advs1756-bib-0075){ref-type="ref"}, [^76^](#advs1756-bib-0076){ref-type="ref"} ^\]^ We found that SGCE loss led to release of c‐Cbl and promotion of EGFR ubiquitination and thereafter EGFR degradation, implying ubiquitination may be the main factor for EGFR fate. Thus, our findings suggest the necessity of SGCE in EGFR fate, and provide further potential links among EGFR ubiquitination, degradation, and internalization pathways.

In summary, we identified SGCE as a new TNBC BCSC maintaining protein which stabilizes EGFR through sequestering its E3 ligase c‐Cbl. Depletion of SGCE suppresses TNBC cell stemness, proliferation, adhesion, migration, invasion, and drug resistance in vitro and metastasis in vivo. We propose that SGCE could serve as a diagnosis and prognosis biomarker and a therapeutic target for TNBC. Development of the targeting strategies against SGCE is warranted.

4. Experimental Section {#advs1756-sec-0120}
=======================

 {#advs1756-sec-0130}

###  {#advs1756-sec-0140}

#### Bioinformatics Analysis of scRNA‐Seq Data in TNBC {#advs1756-sec-0150}

The TNBC single‐cell RNA‐Seq (scRNA‐Seq) data from a previous study ^\[^ [^22^](#advs1756-bib-0022){ref-type="ref"} ^\]^ were obtained from the github website (<https://github.com/Michorlab/tnbc_scrnaseq>). Cell type assessment was retrieved from the original article. Tumor epithelial cells from three patients (PT039, PT089, PT081) were used for downstream analysis as those patients retained relatively higher epithelial cells after quality control (QC), which was performed using scater script in *R* (total_counts ≥ 1000, 10 000 ≥ total_features_by_counts ≥ 500, pct_counts_Mt ≤ 20).^\[^ [^78^](#advs1756-bib-0078){ref-type="ref"} ^\]^ Dimensionality reduction and clustering analysis of epithelial cells were conducted using Monocle3 with default parameters.^\[^ [^79^](#advs1756-bib-0079){ref-type="ref"} ^\]^ The expression levels of the CD24, CD44, and ALDH1A3 genes were used to retrieve the CD24^low^CD44^high^ and ALDH1A3^+^ stem cell clusters. The DEGs between each BCSC cluster and non‐BCSC cluster were determined using the "pairwiseWilcox" function in scran script (parameters: FDR ≤ 0.05, direction = "up").^\[^ [^80^](#advs1756-bib-0080){ref-type="ref"} ^\]^ The raw sequence data reported in this paper were deposited in the Genome Sequence Archive in the BIG Data Center, Beijing Institute of Genomics (BIG), Chinese Academy of Sciences, under accession number CRA002079, which is publicly accessible at <http://bigd.big.ac.cn/gsa>.

#### Cell Culture {#advs1756-sec-0160}

Human breast cancer cell lines (HCC1806 and HCC1937) were grown in RPMI 1640 medium with 10% fetal bovine serum (FBS). The MDA‐MB‐231 cells were grown in Dulbecco\'s Modified Eagle Medium (DMEM)/F12 medium with 10% FBS. The 293T cells were cultured in DMEM medium supplemented with 10% FBS.

#### Mammosphere Assay {#advs1756-sec-0170}

The HCC1806 and MDA‐MB‐231 cells were plated in ultralow attachment 96‐well plates with EpiCult‐B Basal Medium (Human) and Epicult‐B Proliferation Supplement (Human) with hydrocortisone and heparin. The mammosphere was calculated after 10--14 d.

#### Flow Cytometry {#advs1756-sec-0180}

Cells were grown in 6‐well plates (10^5^ cells per well). After 48 h, cells were digested, counted, and stained with antibodies: anti‐CD44‐FITC (BD, 1:100) and anti‐CD24‐PE (BD, 1:100). ALDH enzymatic activity was assessed using an ALDEFLUOR kit (Promega) according to the provided manual. For the detection of EGFR on the membrane, when the cells had grown to 80% confluence, NH~4~Cl was added into the medium for 4 h and the cells were trypsinized. Cells were then blocked with 5% goat serum for 10 min. Cells were first stained with EGFR (Abcam, ab30) for 60 min on ice and then washed with phosphate‐buffered saline (PBS) followed by incubation with Alexa Fluor 555 secondary antibody (Life Technologies, 1:1000) on ice for 30 min.

#### Migration and Invasion Assay {#advs1756-sec-0190}

After cells grew exponentially, they were seeded into 24‐well culture inserts with 8 µm pores. After 24 h, a cotton swab was applied to clean the cells on the upper surface of the filters. Cells on the lower filter surface were defined as the invaded cells. For easier visualization, the cells were fixed in 4% paraformaldehyde (PFA) and stained with 0.2% crystal violet. In the invasion assay, before seeding the cells, the inserts were first coated with Matrigel (BD) for 24 h, after which the cells and Matrigel were removed with a cotton swab.

#### Lung Metastasis {#advs1756-sec-0200}

Luciferase‐expressing MDA‐MB‐231 cells with shSGCE and sh‐Control were injected into the tail veins of 8‐week‐old NOD/SCID mice. For bioluminescence imaging, mice were intraperitoneally injected with 100 mg g^−1^ of [d]{.smallcaps}‐luciferin in PBS. 5 min after injection, mice were anesthetized by anesthetic ketamine, and bioluminescence was imaged with a CCD camera. Five weeks later, all mice were euthanized by cervical dislocation for lung tissue sampling. All animal care and handling procedures were performed per the protocols approved by the Ethics Committee of the Kunming Institute of Zoology, Chinese Academy of Sciences (Permit No. SMKX‐20180306‐17).

#### Xenograft Assay {#advs1756-sec-0210}

Nude female mice (aged 8 weeks) were used for studying tumorigenesis ability. The HCC1806 cells suspended in a 1:1 mixture of PBS and Matrigel (total volume of 100 µL) were injected into the mammary fat pads. After 8 weeks of adaptation, the presence of palpable tumors was examined. The number of tumor‐initiating cells was calculated using the extreme limiting dilution analysis (ELDA) web interface (<http://bioinf.wehi.edu.au/software/elda/>).

#### Quantitative RT‐PCR {#advs1756-sec-0220}

Total RNA from cells and tumor tissues was extracted using Trizol based on the manufacturer\'s instructions. RNA was resuspended in RNase free water. Complementary DNA (cDNA) was produced from 1 µg of RNA using the ExScript RT Reagent Kit per the relevant instructions. The cDNA samples were subjected to q‐RT‐PCR using SYBR mix.

#### Clonal formation Assay {#advs1756-sec-0230}

The HCC1806 and MDA‐MB‐231 cells were seeded into 6‐well plates at a density of 500 cells per well. Cells were cultured for 10 d, with the medium changed every 3 d. The cells were then fixed in 4% PFA and stained with 0.2% crystal violet.

#### shRNA Transduction {#advs1756-sec-0240}

Cell lines that stably expressed the specific shRNA or nontargeted control shRNA (sh‐control) were constructed using the PLKO.1‐based lentiviral shRNA technique. The shRNA plasmid, along with PMD2.G and psPAX2 (4:1:3), was transfected into the 293T cells to produce lentiviral particles. The HCC1806 and MDA‐MB‐231 cells were infected with lentiviruses expressing the shRNA constructs with polybrene after cells were seeded into 6‐well plates for 16--24 h. Fresh medium was added after 24 h, with the cells then selected with puromycin to obtain cell lines stably expressing shRNA.

#### EGFR Recycling Assay {#advs1756-sec-0250}

Cells with 80% confluence were starved for 8 h and collected, with one sample group defined as T0. Other samples were incubated with EGF for 1 h at 4 °C and collected, defined as the pulse group. The remaining samples were incubated at 37 °C for 15 min to allow internalization. Cells were treated with mild acid/salt to remove the bounded EGF and were chased for different periods at 37 °C to allow recycling. Cells were fixed in 1% formaldehyde at every time point. EGFR on the cell membrane was labeled using EGFR antibody and analyzed by FACS. The relative surface level of EGFR at each time point (*t*) was calculated from the mean fluorescence intensities (MFI) with the formula \[MFI (*t*) -- MFI (pulse)/MFI (T0) -- MFI (pulse)\] × 100.

#### EGFR Internalization Assay {#advs1756-sec-0260}

EGFR internalization was assayed by flow cytometry according to previous report.^\[^ [^40^](#advs1756-bib-0040){ref-type="ref"} ^\]^ Cells were seeded into 6‐well plates with complete medium and were starved without FBS for 6 h when confluence reached 80%. The cells were then treated with 10 × 10^−9^ [m]{.smallcaps} Alexa Fluor 555‐labeled EGF (Invitrogen) at 4 °C for 30 min. After washing and incubation for 2 min and internalization for 15 min, the cells were placed on ice to stop internalization and washed three times with cold PBS. The cells were then treated with an acid wash (0.2 [m]{.smallcaps} acetic acid and 0.5 [m]{.smallcaps} NaCl, pH 2.8), followed by washing with PBS to remove noninternalized EGF. Cells were washed and suspended in FACS buffer (2% FBS and 0.01% sodium azide in PBS) and fixed by adding an equal volume of 4% formaldehyde/PBS. The fluorescence emission of internalized EGF was detected by flow cytometry.

#### Generation of EGFRi‐Resistant Cell Line {#advs1756-sec-0270}

EGFR‐TKI‐resistant sublines were established by stepwise escalation^\[^ [^81^](#advs1756-bib-0081){ref-type="ref"} ^\]^ HCC1806 and MDA‐MB‐231 parental cells were cultured with stepwise escalation of concentrations of gefitinib (APExBIO) and lapatinib (Selleck) from 1 × 10^−6^ to 28 × 10^−6^ [m]{.smallcaps} over three months.

#### Cell Viability Assay {#advs1756-sec-0280}

Cellular responses to treatments (i.e., doxorubicin, paclitaxel, cisplatin, gefitinib, and lapatinib) were estimated by cell viability assays. Cells were seeded in 96‐well plates at a concentration of 8000 cells per well with complete medium overnight and then treated with the respective reagents for two days. Cell viability was then measured by 3‐(4,5‐dimethylthiazol‐2‐yl)‐5‐(3‐carboxymethoxyphenyl)‐2‐(4‐sulfophenyl)‐2H‐tetrazolium (MTS) assay using the CellTiter 96 AQueous One Solution Reagent (Promega) at 490 nm.

#### Immunohistochemistry {#advs1756-sec-0290}

For immunohistochemical analysis, paraffin sections were deparaffinized and rehydrated in a series of degraded alcohols. Antigen retrieval was performed using 10 × 10^−3^ [m]{.smallcaps} citrate buffer in a microwave for 20 min. Sections were incubated in 3% H~2~O~2~ for 15 min to inactivate endogenous peroxidase. The samples were blocked with 10% goat serum for 2 h and incubated with primary antibody FN (Sigma, 1:100) overnight at 4 °C followed by secondary antibody conjugated horseradish peroxidase (HRP, Sigma, 1:200) for 1 h. Finally, the slides were stained with 3,3‐diaminobenzidine (DAB) and countered with hematoxylin.

#### Immunofluorescence {#advs1756-sec-0300}

The HCC1806 and MDA‐MB‐231 cells were seeded on coverslips in 4‐well plates (50 000 cells per well) and fixed in 4% PFA. Cells were then blocked with 0.1% TritonX‐100 in 5% goat serum for 1 h, followed by incubation with primary antibody EGFR (Abcam, 1:100) and LAMP1 (Abcam, 1:100) overnight at 4 °C. Fluorescein‐labeled (KPL, 1:200) and Alexa Fluor 555‐labeled secondary antibodies (Life Technologies, 1:2000) were used to treat cells for 1 h. Lastly, coverslips were mounted with 4′,6‐diamidino‐2‐phenylindole (DAPI) (Vector Laboratories) and observed via laser‐scanning confocal microscopy (Nikon).

#### Co‐IP and Western Blotting {#advs1756-sec-0310}

Cells were washed with PBS and lysed in ice‐cold lysis buffer for 30 min with protease inhibitor (B14001, BioTools). Cell lysates were incubated with the indicated antibodies overnight at 4 °C, followed by incubation with protein A/G beads (Santa Cruz) for 3 h at 4 °C. The beads were washed with cell lysis buffer three to five times. Finally, the beads were boiled in 2 × SDS for 10 min. The eluents were analyzed by Western blotting. Lysis samples were separated by Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS‐PAGE), transferred onto polyvinylidene fluoride (PVDF) membranes, blocked with 5% nonfat dried milk for 1 h, incubated with indicated primary antibody at 4 °C overnight and with secondary antibody conjugated HRP for 1 h, and then detected with a chemiluminescent HRP substrate (Millipore).
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